Global climate change is rapidly altering coastal marine ecosystems important for food 14 production. A comprehensive understanding of how organisms will respond to these 15 complex environmental changes can come only from observing and studying species 16 within their natural environment. To this end, the effects of environmental drivers -pH, 17 dissolved oxygen content, salinity, and temperature -on Crassostrea gigas physiology 18 were evaluated in an outplant experiment. Sibling juvenile oysters were outplanted to 19 eelgrass and unvegetated habitat at five different estuarine sites within the Acidification 20 Nearshore Monitoring Network in Washington State, USA to evaluate how regional 21 environmental drivers influenced molecular physiology. We tested effects environmental 22 35 36
conditions at outplant sites and habitat to determine if macrophyte presence and diurnal 23 cycling buffered pH conditions and changed the oysters' expressed proteome. A novel, 24 two-step, gel-free proteomic approach was used to identify differences in protein 25 abundance in C. gigas ctenidia tissue after a 29 day outplant by 1) identifying proteins in 26 a data independent acquisition survey step and 2) comparing relative quantities of 27 targeted environmental response proteins using selected reaction monitoring. While 28 there was no difference in protein abundance detected between habitats or within Puget 29 Sound, C. gigas outplanted at Willapa Bay had significantly higher abundances of 30 antioxidant enzymes and carbohydrate metabolism proteins. Environmental factors at 31 Willapa Bay, such as higher average temperature, could have driven this protein 32 abundance pattern. These findings generate a suite of new hypotheses for lab and field 33 experiments to compare the effects of regional conditions on physiological responses of 34 marine invertebrates.
Introduction 39 Global climate change will influence estuarine dynamics and impact the 40 organisms that inhabit these environments. Estuaries are already variable across spatial 41 and temporal scales in terms of phytoplankton production (Pennock and Sharp 1986) , 42 nutrient availability, (Paerl et al. 2014) , heavy metal contamination (Liu et al. 2015) , 43 salinity (Banas et al. 2004) , and carbonate chemistry (Pelletier et al. 2018; Feely et al. 44 2010; Ruesink et al. 2015 ; Baumann and Smith 2018). Since climate change will affect 45 these parameters, it is important to consider how estuarine organisms will respond. 46 Proteomics, or the study of protein abundance and expression, can be used to 47 shed light on physiological changes on a molecular level. Proteins direct all major 48 cellular functions, thus examining protein abundance provides direct evidence of an 49 organism's physiological response to the estuarine environment (Tomanek 2014) . The 50 proteome is dynamic, as it must rapidly respond to perturbation, providing mechanistic 51 information that standard gene expression and mRNA quantification studies cannot 52 (Veldhoen, Ikonomou . 64 Although challenging, in situ field studies provide a necessary biological realism 65 when considering variable environments (Cornwall and Hurd 2016; Slattery et al. 2012) . 66 Such experiments can be leveraged to study the effects of multiple environmental 67 drivers on organismal physiology and to incorporate realistic variability, as opposed to 68 examining the effect of a single stressor on an organism (Riebesell and Gattuso 2014 at 25ºC and pressure at 10 dbar. For dissolved oxygen, pH, and salinity datasets, data 154 were removed when collected by probes 1) during low tide or 2) when tidal depth was 155 less than one foot to remove readings where the probes may have been exposed. 156 These values were retained for temperature datasets. Outliers were screened using the 157 Tukey method for temperature, dissolved oxygen, pH, and salinity datasets (Hoaglin, 158 Iglewicz, and Tukey 1986). Uniform outplant tidal heights were checked using prop.test (Table S3 ). was completed a total of three times. 203 To bind peptides to the columns, digested peptides were added to prepared 204 columns, then the columns were spun at 3000 rpm for three minutes. The filtrate was 205 pipetted back onto the column and spun again at 3000 rpm for three minutes. Solvent B 206 (200 µL) was added to each column three separate times, then the column was spun for 207 three minutes at 3000 rpm to wash salts off the column. 208 Peptides were eluted with two additions of 100 µL Solvent A to each column. 209 Columns were spun at 3000 rpm for three minutes and the peptide fraction (filtrate) was 210 reserved. Samples were placed in a speed vacuum at 4ºC until they were nearly dry 211 (approximately two hours) to dry peptides. Peptides were reconstituted with 60 µL of 3% 212 Acetonitrile + 0.1% Formic Acid, and stored at -80ºC. (Table S4) . proteins and their peptide transitions were manually checked for retention time and 251 peak area ratio consistency to determine a Skyline auto peak picker error rate (24.3% ± 252 25%, range: 0% to 100%). 253 Proteins had to satisfy 4 criteria to be considered appropriate targets for the 254 study. 1) To select proteins for a targeted MS assay, protein data was first evaluated in 255 Skyline to ensure there was no missing data for any peptide or sample. 2) Peaks with 256 significant interference were also not considered. 3) Proteins needed at least two 257 peptides with three transitions per peptide to qualify as a potential target for 258 downstream assays. 4) Proteins with annotated functions related to oxidative stress, 259 hypoxia, heat shock, immune resistance, shell formation growth and cellular 260 maintenance were considered for targets to address hypotheses of response to in situ 261 environmental differences and eelgrass vs. bare habitat. From this list, fifteen proteins 262 (41 peptides and 123 transitions total), with various environmental response and 263 general maintenance functions, were selected as targets (Table 2) . (Table S8) . 290 Target Analysis 291 Raw SRM files, a background C. gigas proteome, and the PECAN spectral 292 library file from DIA were used to create a Skyline document (S9, S10). Correct 293 transition peaks were selected based on predicted retention times from DIA results by 294 comparing the relative retention times between identical PRTC peptides in the DIA and 295 SRM datasets (R 2 = 0.99431). Based on peptide specificity analyses, heat shock protein 296 70 B2 and one constituent peptide of 297 glucose-6-phosphate 1-dehydrogenase were removed from analyses (S11). 298 Coefficients of variation were calculated between technical replicates for each 299 peptide transition. Any sample missing data for more than 50% of peptide transitions 300 was deemed poor quality for downstream analyses and excluded. Abundance data was 301 normalized using total ion current (TIC) values from the mass spectrometer. 302 Consistency between technical replicates was verified in remaining samples using a 303 non-metric multidimensional scaling plot (NMDS) with TIC-normalized data and a 304 euclidean dissimilarity matrix, and technical replicates were averaged after verification 305 with the NMDS. Analysis of Variance and post-hoc Tukey's Honest Significant 306 Difference tests were used to determine significant differences in peptide abundance 307 among sites for average abundances. The Benjamini-Hochberg method with a false 308 discovery rate (FDR) of 10% was used to correct for multiple comparisons. 311 Over the course of the outplant, Willapa Bay (WB) had the highest average 312 temperatures (Table 3, Figure S12 ). There were no large differences in mean pH 313 between locations (Table 3) . Oysters at Case Inlet spent more time at low tide than 314 those at the other four sites (χ2 = 25.29, df = 4, p = 4.408e-05). 316 Out of 39,816 predicted proteins in the C. gigas FASTA proteome, 9,047 proteins 317 were detected in C. gigas across five sites and two habitats using DIA (Skyline auto 318 peak picker error rate 24.3% ± 25% , range: 0% to 100%). Proteins detected included, 319 but were not limited to, those annotated from processes such as responses to hypoxia 320 and oxidative stress, removal of superoxide radicals, protein folding, muscle organ 321 development and negative regulation of apoptosis. 323 Differential abundance of protein targets was evaluated at the peptide level after 324 combining technical replicates ( Figure S16, Figure S17 ). Proteins were considered 325 differentially abundant if at least one monitored peptide was differentially abundant. 326 There was no significant difference in SRM peptides between unvegetated and eelgrass 327 habitats across sites ( Figure S18 ). Abundance data from both habitats were pooled for 328 downstream analyses comparing protein abundances among sites. (Table   333 S19; ANOVA and Tukey's Honest Significant Difference, FDR = 0.1). These proteins 334 are either involved in oxidative stress response or related to carbohydrate metabolism 335 (Table 4) . 336 All differentially abundant proteins were detected at higher levels in the WB 337 oysters than in oysters from the other four PS locations (CI, FB, PG, and SR), 338 regardless of protein function (Figure 1 ). No differences in protein abundance were 339 detected among the PS sites (Table S19; The shallow bathymetry of WB may have also contributed to elevated ROS and 379 the increased need for antioxidant enzymes. At high tide, shallow waters would warm 380 much faster, leading to the observed higher temperatures at WB (Table 1) . Warmer 381 waters at low tide may prompt oysters to spend more times with their shells closed, 382 producing higher levels of ROS that would need to be neutralized. Lack of oxygen and 383 higher pCO 2 while the oyster is closed would lead to lower hemolymph pH, causing 384 higher levels of ROS. Oysters would respond through increased abundance of 385 antioxidant enzymes (PRX, CAT, TrxR, and NADPt). 386 ROS are produced in response to many environmental changes, thus biomarkers 387 of ROS scavenging are difficult to link to a single environmental difference in a variable 388 and complex setting. In particular, reduction of ROS species was found to be a common 389 response to both increased temperatures and aerial exposure in another experiment 390 with C. gigas (Zhang et al. 2015) . Because ROS mediation is a conserved response to 391 several stressors, it is possible that environmental parameters we did not measure (e.g., 392 contaminants, microbiota abundance, trace metals) could explain the observed variation 393 in antioxidant enzyme abundance. Future work at these locations should take these 394 variables into account.
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Carbohydrate metabolism 396 Higher abundance of carbohydrate metabolism proteins at WB -protein 397 phosphatase 1B (PP1), glucose-6-phosphate 1-dehydrogenase (G6PD), and glycogen 398 phosphorylase (GPH) -indicate increased glycogen catabolism at this location (Table   399 3). Increased glycogen catabolism (PP1 and GPH) has been reported with respect to Increased glycogen catabolism at WB may also be explained by decreased rates 411 of food capture due to less time spent filter feeding or less food availability at this 412 location. With closed shells, C. gigas are unable to filter-feed and would need to 413 catabolize glycogen for energy, facilitated by increased abundances of PP1 and GPH. 414 The WB oysters also had lower total fatty acid content when compared to oysters 415 outplanted at PS locations, indicative of less access to food (less food availability or less 416 time with valves open for filtration) or poorer quality food (Lowe et al. in prep) . Whether 417 due to more time spent with their shells closed or decreased caloric intake, the WB 418 oysters had to rely on energy stores of glycogen more than oysters throughout Puget various environmental responses may be evidence of physiological plasticity. One 435 particular protein that we expected to be differentially abundant was heat shock 70 kDA 436 protein 12A (HSP 12A), since Willapa Bay had higher average temperatures (Table 3) . 437 Higher abundances of heat shock proteins (HSPs) are generally induced when 438 organisms are exposed to thermal stress (Hamdoun, Cheney, down-regulation of monitored proteins were similar across these five locations (Table 3) . 456 While eelgrass beds are touted as a potential refuge for organisms from the negative 457 effects of environmental drivers like pH, they can also drive more extreme carbonate 458 chemistry conditions (Pacella et al. 2018) . It is possible that the refuge effects and 459 extreme effects cancelled each other out over the course of our outplant, effectively 460 making the eelgrass beds just like the unvegetated sites for outplanted oysters. If this is 461 the case, it would explain why there was no detected difference in protein abundance 462 between unvegetated and eelgrass habitats. 
